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ABSTRACT: In this communication we explore the nitrile imine-mediated tetrazole-ene cycloaddition 
reaction (NITEC) is explored as a powerful and versatile conjugation tool to covalently coat polymers 
onto different (bio)surfaces. This highly efficient approach is initiated by UV irradiation and proceeds 
rapidly under mild reaction conditions, yielding a highly fluorescent compoundslinkage. We firstFirst, 
the studied the formation of block copolymers via this methodology was studied as a proof of concept 
for macromolecular conjugation. Theis approach permitted an easy characterization of solution soluble 
products in place of a usually tediousmore complex surface characterization. The grafting of polymers 
onto inorganic and bioorganic surfaces was then carried outachieved using the optimized reaction times 
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and evidenced via surface characterization techniques such asincluding X-ray photoelectron 
spectroscopy and FT-IR microscopy. In addition, patterned immobilization of polymer chains onto 
cellulose was achieved through a simple masking process during the irradiation. 
KEYWORDS: Photochemistry; Cellulose; Grafting to; Surface Patterning; X-Ray Photoelectron 
Spectroscopy 
1. Introduction 
To alter the surface properties of a bulk materials, a very simple technique is the recourse to a 
polymer coating. Often covalent attachment is desirable to prevent dissolution of the coating in any a 
solublilizing solvent that the material could come in contact with. Polymer brushes1 are a one particular 
class of covalent coating since as they consist in chains individually linked to the substrate via only onea 
single chemical bond. To covalently graft polymers to a surface, material scientists have two different 
options. They can either grow the macromolecules from the surface (grafting from), or synthesize the 
polymer beforehand and then attach it via a chemical linkage (grafting to).2 The first option usually 
yields higher grafting density since steric hindrance is rather low (only small monomeric molecules are 
added). Nevertheless the second approach allows a full characterization of the polymer before grafting. 
One can think that, if the chemical attachment of the polymer onto the surface is optimized (fast reaction 
time, high yield), a more efficient and homogeneous coverage of the surface can be attained. Several 
techniques have been established in the field of macromolecular science to fulfill these requirements. 
The combination of controlled/living radical polymerization (CRP)3 and highly orthogonal and efficient 
conjugation reactions is a state-of-the-art example of precision chemistry giving control over material 
properties. In terms of CRP, nowadays the three main techniques consist in nitroxide-mediated 
polymerization (NMP),4 atom-transfer radical polymerization (ATRP)5 and reversible addition-
fragmentation transfer (RAFT) process.6 All these methods have been applied synergistically with the 
concepts of click chemistry (introduced by Sharpless in 2001)7 to produce a powerful toolbox for the 
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synthesis ofsynthesizing materials with tailored macromolecular architectures.8 Numerous click 
reactions have already been applied to polymer chemistry and surface grafting.9 An important fraction 
of the reported studies involves the use of copper or zinc. When working with biological systems, the 
use of these metal catalysts is predominantly prohibited due to their potential cytotoxicity.10 However 
some others of the as-referred click reactions interestingly feature a light-triggered activation process, 
e.g., thiol-ene and thiol-yne radical additions when performed in presence of a photoinitiator11 or our 
recently reported UV light-triggered Diels–Alder reaction between 2,5-dimethylbenzophenone 
derivatives and maleimides.12 
 
Scheme 1 Schematic representation of the UV-induced formation of the nitrile imine from a tetrazole and its subsequent 1,3-
dipolar cycloaddition with dipolarophiles. 
 
Recently, Lin and coworkers rediscovered a click methodology based on the nitrile imine-mediated 
1,3-dipolar cycloaddition of tetrazole and ene (NITEC) which was first reported by Huisgen and 
Sustmann13 in 1967 and has been very rarely used since then.14 Starting with a tetrazole-containing 
compound, the reaction is initiated by UV irradiation. Upon exposure, nitrogen is released from the 
molecule and a reactive nitrile imine moiety is formed in situ (see Scheme 1).  Nitrile imines have been 
shown to readily undergo reaction with various electron-deficient and unactivated terminal alkenes and 
alkynes to form a stable pyrazole-based covalent linkage.15 Over other more established click reactions, 
NITEC presents several advantages such as: i) simplicity of implementation since tetrazole-based 
molecules are rather easy to synthesize and a simple hand-held UV lamp is required thanks to high 
photolysis quantum yields, ii) the absence of metal catalyst, iii) fast reaction times, and iv) bio-
orthogonality. For instance, it was possible to modify a chemically modified16 or genetically 
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engineered17enzyme18 or a genetically engineered enzyme19 in vitro, as well as a genetically engineered 
protein directly in E. coli,20 or even stabilize the helical structure of a peptide by intramolecular NITEC-
stapling.21 The aim of our the current study work was to demonstrate the potential of this methodology 
when applied to the covalent coating of (bio)surfaces with macromolecules, in order to modify the 
physical properties of the former. 
Our The current study is dividesd into three distinct, but complementary, stages. We first evaluated 
the possibility of using the NITEC for macromolecular conjugation since as the products of the reaction 
could be analyzed by simple solution characterization techniques. Once we found the bestoptimum 
coupling conditions were found, we proceeded to the grafting of a simple hydrophobic polymer onto 
silicon wafers was undertaken. We fFinally demonstrated the potential of this technique to modify 
biosurfaces cellulose membranes was demonstrated with different functional macromolecules grafted 
onto cellulose membranes in either uniform or patterned fashions. 
 
2. Results and Discussion 
Model macromolecular conjugation 
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Scheme 2 Tetrazole- (1) and maleimide-functionalized (2a-d) polymers used in this paper and their model macromolecular 
conjugation reactions. (i) ethanol, hν (254 nm). 
 
While the NITEC has been successfully applied to the conjugation of a number of small molecules 
together or small molecules with proteins, as well as for the PEGylation of 
proteins,1313,1414,1515,1816,1917,2018,2119,22 the technique has never been applied for the linking of two 
synthetic macromolecules or the attachment of a polymer to a surface. To evaluate this possibility, 
model conjugation experiments were conducted. Scheme 2 depicts the synthetic pathway for the 
formation of diblock copolymers from tetrazole- and maleimide end-functionalized polymers, 
respectively. In this study the tetrazole and the maleimide moieties were installed on poly(ethylene 
glycol) methyl ether (PEG) by simple esterification. Using DCC coupling, tetrazole-bearing PEG 1 and 
maleimide-terminated PEG 2a could be synthesized in close-to-quantitative yield with end-group 
functionality confirmed via electrospray ionization coupled to mass spectrometry (ESI-MS) (see Fig. S4 
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and S5). Maleimide was chosen as the dipolarophile end group as it has been shown to undergo rapid 
reaction with nitrile imine intermediate.1515 Furthermore, in addition to the postpolymerization 
approach, an ATRP functional initiator can also be used to easily introduce a maleimide moiety on a 
wide range of polymers.23 We followed this procedure to produce α-maleimido poly(methyl 
methacrylate) (PMMA) (2b) and poly(dimethylaminoethyl methacrylate) (PDMAEMA) (2c). 
 
Figure 1 SEC monitoring of the block copolymer formation of poly(ethylene glycol)-block-poly(ethylene glycol) after 
irradiation of an equimolar solution of 1 and 2a in ethanol with a hand-held UV lamp at a wavelength of 254 nm at ambient 
temperature. 
 
To test the conjugation efficiency of the NITEC, equimolar amounts of 1 and 2a were dissolved in 
ethanol and then irradiated at 254 nm using a hand-held laboratory TLC lamp. Figure 1Figure 1 shows 
the size-exclusion chromatograms of samples withdrawn after different irradiation times and left to 
stand overnight. The success of the conjugation is evidenced by a distinct shift of the SEC traces to 
shorter retention time due to the formation of higher-molecular-weight polymer. The intensity of the 
peak of low-molecular-weight polymer decreases progressively with the increase of intensity of the 
peak at higher molecular weights, which is typical of the formation of block copolymers starting from 
homopolymer precursors. Indeed this evolution differs completely from what can be observed when a 
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block copolymer is produced by the extension of a reactive polymer with iterative addition of monomer, 
i.e., a progressive shift of the whole peak in the ideal case. The final product exhibits a molecular weight 
of 4300 g.mol-1, which is approximately the double of that of the starting compounds as expected in the 
case of a quantitative conjugation. A closer look at the intermediate samples reveals that after only 5 
minutes of UV irradiation half of the starting materials had already reacted, and about a fifth was only 
left after 10 min less than 20% remained. No significant difference could be observed between samples 
taken after 15, 20, or 25 minutes. The remaining remains of a very few minor amount of starting 
material could be explained by a non-quantitative functionalization during the synthesis of 1 and/or 2b. 
It is important to mention that a perfectly equimolar solution of starting material is not easy to prepare 
when one works with macromolecules, owing to their (even low) polydispersities (which even at low 
PDI is much higher than small molecules). This could also be an explanation for this remaining low-
molecular-weight hump. 
It is also interesting to note that during and after the successful copolymer formation a strong 
fluorescence could be observed from the copolymers, even in the solid state. This fluorescence arises 
from the newly formed diaryl-Δ2-pyrazoline which, although it does not present any continuous 
conjugation in its classical form, possesses two mesomeric canonic forms allowing the two aromatic 
rings to interact.24 The fluorescence is thus only observed in samples where successful coupling has 
occurred. When the tetrazole was irradiated for long periods in the absence of a dipolarophile, no 
fluorescence was observed. The formation of AB-type block copolymers between 1 and 2b also proved 
to proceed in a similar manner (see Supporting Information). 
 
Grafting polymers onto silicon via NITEC 
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Scheme 3 Synthetic route for the formation of polymer-grafted silicon wafers. 
 
After the successful coupling of two polymer chains, we examined theirthe grafting of polymers onto 
a surface was examined. Initially, silicon wafers were chosen as the substrate due to their the ease of 
characterization with techniques such as X-ray photoelectron spectroscopy (XPS).  For this purpose, a 
tetrazole-containing silane was synthesized in view of a covalent attachment to the surface of the wafers 
(see Scheme 3 and Supporting Information). The functionalization was realized by heating a cleaned 
and activated silicon wafer in a silane solution, yielding a polysiloxane multilayer coating. The 
tetrazole-functionalized silicon wafer was cleaned extensively after the reaction by rinsing with fresh 
solvent and ultrasonification to remove any physisorbed tetrazole silane from the surface. Fig. 2a 
displays the C 1s and N 1s regions of the XPS spectra of the silicon wafer after tetrazole 
functionalization. The incorporation of a molecule containing differently bound nitrogen atoms is clear. 
Moreover well-defined peaks in the C 1s region reveal the presence of carbonyl-containing moieties on 
the surface. Nitrile imines have mostly been considered as transient intermediates and are not easy to 
observe.1515a It has already been shown that a nitrile imine very similar in structure to the one generated 
in our study can be trapped by nucleophilic addition of ethanol or water to form a hydrazone or a 
hydrazide, respectively.25 To assess the possibility of this reaction, 5 was irradiated in ethanol in 
absence of any dipolarophile (Fig. 2b). The XPS results are in rather good agreement with the 
assumption that these reactions occur (see Supporting Information). Indeed, for a constant carbon 
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concentration, the nitrogen content is more than halved while the concentration of heteroatom-bound 
carbon slightly increases. Although this reaction can theoretically take place as demonstrated above, it 
must be noted that in presence of a dipolarophile the NITEC is much faster and actually proceeds in a 
quantitative fashion.1414b Nevertheless this control experiment evidences the release of nitrogen from the 
surface, and the formation of nitrile imine moieties. To graft a maleimide-functionalized polymer, a 
similar methodology as described above for the block copolymer formation was employed for the 
NITEC reaction on the silicon surface. 5 was placed in a solution of 2b in ethanol, irradiated for 15 
minutes, and then left to stand in the polymer solution for a further 45 minutes (Scheme 3). The sample 
was then investigated by XPS after extensive rinsing with fresh solvent. Fig. 2c shows the N 1s and C 
1s spectra of the investigated silicon wafers. The main peak in the C 1s spectrum at 284.8 eV is assigned 
to that of saturated carbon atoms and is used as a reference to compare the evolution of the different 
carbon species present on the surface. The peak at 286.4 eV is assigned to carbon atoms involved in 
various single bonds with oxygen and nitrogen (C-O, C-N), while the peak at 288.7 eV is assigned to 
the carbon atoms with double bonds to oxygen and nitrogen (C=O, C=N). In comparison to the 
unreacted tetrazole-containing wafer 5 (Fig. 2a), 6 contains 2.8-fold and 7.8-fold greater amounts of 
saturated and unsaturated, respectively, carbons atoms bound to a nitrogen or an oxygen atom. This 
result evidences the present of the methacrylic polymer 2b on the surface. The magnitude of the 
increase for these particular XPS signals is in the range expected for a close-to-quantitative grafting 
(See Supporting Information). Compared to unmodified silicon wafers or control experiments where 
either the tetrazole or the polymer was missing, the overall spectrum shows a decrease in surface silicon 
content (divided by 4ca. 25% of initial) due to the formation of a thicker hydrocarbon layer on the 
surface and corroborates the success of the surface functionalization (not shown). 
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Figure 2 Comparison of the C 1s (280–294 eV) and N 1s (396–408 eV) normalized peaks in the XPS spectra of 5 (a), 5 
irradiated for 15 min at 254 nm (b) and 6 (c). In the peak assignment, oxygen can be substituted by nitrogen. 
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Grafting polymers onto cellulose via NITEC 
The successful grafting onto silicon wafers prompted us to investigate the functionalization of a more 
complex system. We chose cellulose as a wide-range-application biosubstrate. Cellulose membranes 
were immersed in a 10 wt% sodium hydroxide solution  to break down the extensive hydrogen bonding 
due to the numerous hydroxyl groups and to open any crystalline regions in order to increase the 
availability of these free hydroxyl groups at the surface (Cel-OH). The carboxy-containing tetrazole 
previously used for the synthesis of 1 was covalently bound to the cellulose via esterification of the 
primary alcohol present on the repeating sugar unit to give Cel-Tet (Scheme 4). 
 
 
Scheme 4 Strategy for surface modification of cellulose via NITEC. (i) oxalyl chloride, DMF, DCM then DMAP, DIPEA, 
DCM. 
 
 After thorough rinsing, the treated cellulose Cel-Tet was analyzed by XPS (Fig. 3). Contrary to 
silicon wafers, cellulose is a fibrous material and is thus intrinsically heterogeneous. Consequently when 
the surface modification consists in the grafting of a small molecule, it is challenging to draw conclusive 
interpretation and at least impossible to predict theoretical values of atomic contents. However, 
observation of the evolution of the different species can still be useful. Indeed, while no signal was 
detected in the N 1s region of the XPS spectrum of Cel-OH (Fig. 3a), a low-intensity peak could be 
observed for Cel-Tet at 400.4 eV (Fig. 3b), which is indicative of the nitrogen-containing tetrazole 
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being present. On the contrary, it is not possible to use the C 1s region since the cellulose signals are 
very strong in this region and prevent any accurate detection of a contribution – which would be very 
low – from the tetrazole handle. While the weak contribution at 285.0 eV (C-C, C-H) is caused by 
hydrocarbon contamination, it must be noted that carbonyl groups can be detected in Cel-OH and 
originate from oxidation that can readily occur on natural fibers such as cellulose.26 The tetrazole-
functionalized cellulose was then immersed in a solution of 2b in ethanol and irradiated at 254 nm at 
ambient temperature for 10 minutes on each side and left to stand in the polymer solution for a further 
50 min before being washed with different solvents and dried under vacuum. XPS data supports the 
formation of a grafted (meth)acrylic polymer layer as shown in Fig. 3c. Indeed, in comparison to the 
cellulose characteristic peaks, we observe a clear increase of the C-C/C-H signal (285.0 eV) on one 
hand and of the O=C-O signal (289.5 eV) on another hand. As a complementary surface 
characterization technique we also used FT-IR microscopy, which allows a spatial chemical mapping. 
We already showed that this method was efficient to prove the grafting of polymer chains onto cellulose 
via an acid-catalyzed hetero-Diels-Alder click reaction.27 Fig. 4 shows the false-color, high-resolution 
FT-IR microscope images of the PMMA-grafted cellulose and of the control sample in which Cel-Tet 
was immersed in a solution of 2b but not irradiated. Fig. 4a and 4c show the integration range 
corresponding to the characteristic cellulose signals of the C–O stretching vibration (950-1200 cm-1) and 
therefore represent a cellulose fiber. Fig. 4b and 4d show the carbonyl spectral region (1675-1765 cm-1), 
corresponding to PMMA lateral ester groups. The sample obtained from the reaction of 2b with the 
tetrazole-functionalized cellulose is clearly much richer in carbonyl groups (Fig. 4b) than the control 
sample, where no distinguishable peak is visible (Fig. 4d). Although a carbonyl bond is introduced on 
the cellulose after the tetrazole functionalization, it is not visible as its amount is too low to be detected 
with the focal plane array detector. This result corroborates the attribution of the carbonyl bonds 
observed in Fig. 4b to the presence of the polymer on the surface of the cellulose fibers and proves that 
no polymer is physically adsorbed to the surface. 
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Figure 3 Comparison of the C 1s (280–294 eV) and N 1s (396–408 eV) normalized peaks in the XPS spectra of Cel-OH (a), 
Cel-Tet (b), and Cel-2b (c). In the peak assignment, oxygen can be substituted by nitrogen. 
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Figure 4 False-color high-resolution FT-IR microscope images (4 cm-1 spectral resolution with a 0.25 μm2 spatial pixel 
resolution and an optical resolution of close to 1 μm) of the different cellulose samples. Top row: Integration in the 950-1200 
cm-1. Bottow row: Integration in the 1675-1765 cm-1. (a) and (b) Cel-Tet immersed in a solution of 2b without being 
irradiated; (c) and (d) Cel-2b; (e) and (f) Cel-2c; (g) and (h) Cel-2d. Cellulose regions with green to pink color correspond to 
a increasing degree of functionalization within the particular integrated wavelength region. 
 
In analogy to our macromolecular conjugation experiments, appearance of fluorescence provided us a 
direct visualization method to assess the success of the reaction. Indeed all the samples which proved to 
have been functionalized when analyzed by XPS or FT-IR microscopy exhibited fluorescence. To 
demonstrate that the light-triggered nature of our method could certainly be used to precisely pattern 
surfaces, we performed the same reaction as above but irradiating a partly masked tetrazole-
functionalized cellulose membrane which had been a partially masked. Actually a simple wrapping 
procedure of one part of a cellulose band with aluminium foil was sufficient, which evidences the ease 
of manipulation of the NITEC. The clear difference of behaviour under a 366-nm light between the 
irradiated and the masked parts of the cellulose is evidenced on Fig. 5a. Submitting this piece of 
Cel-Tet + 2b
w/o irradiation Cel-2b Cel-2c Cel-2d
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cellulose to XPS showed that the masked and the irradiated parts had spectra comparable to that of the 
initial tetrazole-functionalized cellulose Cel-Tet and the PMMA-grafted cellulose Cel-2b, respectively 
(not shown). 
 
 
Figure 5 (a) Photograph under 366-nm UV light of a piece of cellulose after irradiation of its left half at 254 nm in an 
ethanol solution containing 2b. (b) Photograph of a piece of cellulose irradiated on its right side few minutes after a water 
droplet was deposited on each side. (c) Photograph of a water droplet sitting on the 2b-modified cellulose part during water 
contact angle measurement. 
  
An additional proof that polymer grafting occurred only on the non-masked part lies in the change of 
physical properties due to the presence of a hydrophobic polymer such as PMMA on the surface. Fig. 
5b depicts the partly irradiated cellulose samples where a water droplet has been placed on each of its 
part, either irradiated or noteither the irradiated or masked half of cellulose. While the droplet could be 
observed sit on the irradiated parthalf for several tens of minutes without any drastic change, the 
onedroplet on the masked portionart was instantaneously absorbed. We also carried out a water contact 
angle measurement. Due to the inherent roughness and adsorbing nature of the cellulose surface, this 
measurement is not straightforward. Indeed it is generally impossible to obtain a value for the pristine 
cellulose due to the aforementioned fast absorption. However, in the present case, the control sample is 
not native cellulose but tetrazole-functionalized Cel-Tet. This result is rather interesting since it shows 
that before the polymer grafting, the sample properties are not drastically altered by the tetrazole 
functionalization. On the contrary, the part which was irradiated in presence of 2b became very 
hydrophobic exhibiting a water contact angle of 126° (Fig. 5c). 
In addition to the grafting of a hydrophobic polymer, and to evidence the power of the combination of 
modern polymer chemistry and NITEC to yield functional materials, we also carried out effectively the 
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covalent coating of the thermo- and pH-sensitive polymer 2c and the antibacterial polymer 2d, as 
evidenced by FT-IR microscopy (Fig. 4e and 4f, and 4g and 4h, respectively) or simple fluorescence 
observation (Fig. 6a and 6b, respectively). Finally the patterning ability offered by the NITEC was 
definitely evidenced by the use of a slightly more complicated mask representing the KIT logo (Fig. 6c). 
 
Figure 6 Photographs of pieces of cellulose under a 366-nm light after irradiation at 254 nm, on their right-hand half in 
ethanol solutions containing 2c (a) and 2d (b) and using a hand-made aluminum foil KIT mask in an ethanol solution 
containing 2b (c). 
 
3. Conclusion 
In summary the UV-induced formation of nitrile imines from tetrazoles and its subsequent 1,3-dipolar 
cycloaddition with maleimides was successfully employed for the stitching of polymer chains together 
or their grafting to surfaces like silicon or cellulose. As the reaction requires irradiation by UV light to 
be initiated, a spatially defined polymer grafting can be achieved. The reaction works simply and very 
rapidly under non-demanding conditions, and could be applied to a number of polymers thanks to the 
ease of introduction of alkene end groups on macromolecules, but also to many different surfaces 
provided that the tetrazole moiety can be anchored. The other exceptional advantages of this technique 
are the absence of necessary purification (the only by-product is molecular nitrogen) , its profluorescent 
character allowing a rapid assessment of its occurrence, and its already-proven bioorthogonality. 
Compared to other more established click reactions, the NITEC seems to have a much greater potential. 
Efforts in our lab are currently directed to the application of this technique in nanobiotechnology. 
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4. Experimental 
Functionalization of silicon wafers with tetrazole 
Three activated wafers (0.8 × 0.8 cm) were then placed in a 10-mL round-bottom flask containing a 
solution of carboxy-functionalized tetrazole in dry toluene (9.6 mg in 2 mL). The flask was heated to 50 
°C for 2 h and then left to stand at RT for another 15 h, after which the wafers were rinsed thoroughly 
with fresh toluene and sonicated 15 min in toluene plus 5 min in acetone. The wafers were finally dried 
in a stream of nitrogen. 
 
Polymer photografting onto silicon wafers 
The wafers were introduced into separate quartz cuvettes containing a solution of 2b (25 mg) in ethanol 
(1 mL) and irradiated for 10 min. They were then extensively rinsed with fresh ethanol and acetone. For 
the control experiments, either no polymer was present or no irradiation was performed. 
 
Functionalization of cellulose with tetrazole  
Cellulose consists of D-anhydroglucose units joined together by β-1,4-linkages.28 In their native state, 
cellulose chains feature strong intermolecular hydrogen bonding due to the hydroxyl groups. Prior to 
surface modification, cellulose substrates were thus subjected to a pretreatment: the cellulose sheets 
were immersed in an aqueous solution of 10 wt % NaOH to break down the extensive hydrogen 
bonding between the OH groups and to open up the ordered regions so that the reagents can penetrate 
more readily into the cellulose substrate and render it accessible for further modification. They were 
then washed thoroughly with ethanol, DCM, and finally with dry DCM. Prior to the reaction will 
cellulose, the carboxy-functionalized tetrazole was turned into its more reactive acyl chloride 
counterpart: carboxy-functionalized tetrazole (110 mg, 0.41 mmol) was dissolved in dry DCM (10 mL) 
with a catalytic amount of dry DMF and oxalyl chloride (140 μL, 1.63 mmol) was added dropwise and 
reacted overnight. Excess oxalyl chloride was then removed under vacuum. The acid chloride-
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functionalized tetrazole was redissolved in DCM (2 mL) and added dropwise to a suspension of freshly 
NaOH-treated cellulose (3 pieces, 0.8 × 1.5 cm each) in DCM (5 mL) containing DMAP (26 mg, 0.21 
mmol) and DIPEA (0.7 mL. 4.02 mmol). After overnight reaction, functionalized cellulose was washed 
extensively with ethanol, acetone, and DCM and finally stored in pure ethanol away from light. 
 
Polymer covalent photografting onto celullose 
The pieces of cellulose were placed into separate quartz cuvettes containing a solution of 2b, 2c, or 2d 
(20 mg) in ethanol (1 mL). The samples were then irradiated for 10 min on each side on the cellulose 
sheets and left to stand in the solution for another 50 min. Eventually the cellulose samples were rinsed 
extensively with ethanol, acetone, and water before being dried overnight in a vacuum oven a 40 °C. 
For the control experiments, either no polymer was present or part of the samples were protected from 
irradiation (masking technique). 
 
X-ray photoelectron spectroscopy 
Investigations were performed on a K-Alpha spectrometer (ThermoFisher Scientific, East Grinstead, 
U.K.) using a microfocused, monochromated Al KR X-ray source (200 μm spot size). Up to 30 
separated spots were measured to prevent the samples from X-ray damage, each at minimum acquisition 
time. All spectra were finally collapsed to one single spectrum with a sufficient signal/noise ratio. The 
kinetic energy of the electrons was measured by a 180° hemispherical energy analyzer operated in the 
constant analyzer energy mode (CAE) at 50 eV pass energy for elemental spectra. The photoelectrons 
were detected at an emission angle of 0° with respect to the normal of the sample surface. The K-Alpha 
charge compensation system was employed during analysis, using electrons of 8 eV energy and low-
energy argon ions to prevent any localized charge build-up. Data acquisition and processing using the 
Thermo Avantage software is described elsewhere.29 The spectra were fitted with one or more Voigt 
profiles (BE uncertainty: (0.2 eV). The analyzer transmission function, Scofield sensitivity factors,30 and 
 19
effective attenuation lengths (EALs) for photoelectrons were applied for quantification. EALs were 
calculated using the standard TPP-2Mformalism.31 All spectra were referenced to the C1s peak of 
hydrocarbon at 285.0 eV binding energy controlled by means of the well-known photoelectron peaks of 
metallic Cu, Ag, and Au, respectively. 
 
FT-IR microscopy imaging 
Infrared measurements of the cellulose samples have been performed using a Bruker FT-IR 
microscope HYPERION 3000 coupled to a research spectrometer VERTEX 80. The HYPERION 3000 
microscope is equipped with a multi-element FPA-detector (focal plane array) for imaging, which was 
used for laterally resolved measurements. The multi-element FPA-detector consists of 64 × 64 elements. 
This allows for the simultaneous acquisition of 4096 spectra covering a sample area of 32 × 32 μm (for 
ATR detection). With the FPA-detector in combination with the 20× Germanium ATR-lens, a lateral 
resolution of 0.25 μm2 per pixel is achieved. This high resolution is needed for the analysis of single 
fibers within the cellulose matrix to examine the homogeneity of the covalent functionalization applied 
on the cellulose. Besides the high lateral resolution, the extremely short measurement time (< 2 
sec/scan) is another significant benefit of the FPA-detector. With the FPA-detector, 4096 spectra are 
acquired simultaneously within a few seconds. For postprocessing baseline correction and atmospheric 
compensation were used. 
 
Contact angle measurement 
The water contact angle of Cel-2b was determined by the sessile drop method using a Krüss DSA 100 
contact angle meter for measurement and the Krüss DSA 2 software for analysis. The water droplet 
volume was 4 μL. 
 
Supporting Information 
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Supporting Information is available from the Wiley Online Library or from the author. 
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